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(57) ABSTRACT

A data storage device includes a hard disk drive coupled to a
printed circuit board (PCB), a volatile memory device
coupled to the PCB, a non-volatile memory device coupled
to the PCB, and a controller coupled to the PCB, such that
the controller 1s 1n communication with the hard disk drive,
the volatile memory device, and the non-volatile memory
device. The controller 1s configured to 1dentify patterns
and/or structures of metadata for the hard disk drive, per-
form one or more of the following to the metadata to tailor
the metadata: data shaping, content aware decoding, adap-
tive data tnmming, and/or adaptive metablock sizing, and
write the taillored metadata to the non-volatile memory
device. The metadata 1s at least one of repeatable run out
metadata, positioning error signal metadata, adjacent track

interference metadata, and/or emergency power off meta-
data.

20 Claims, 4 Drawing Sheets
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METHODS FOR WRITING HDD METADATA
IN NAND FLASH

BACKGROUND
Field

Embodiments of the present disclosure generally relate to
data storage devices, such as hard disk drive (HDDs), and,

more specifically, etficient programming of HDD metadata
to non-volatile memory of the HDD.

Description of the Related Art

In order to reduce HDD cost, track densities of the HDD
have mcreased for each generation of HDD, which requires
more sophisticated algorithms to enable reliable storage and
retrieval of the data. The algorithms use various types of
metadata and calibration data to overcome 1ssues, such as
head positioning errors, track miss-registration, adjacent
track interference, head run out, vibrations from airflow
and spindle, disk warpage, electronic noise, thermal noise,

and the like. Metadata may be 1n a si1ze of about 40GB for a

20+TB HDD.
A hybrid drive, such as a solid state hybrid drive (SSHD),

may leverage both HDD components and solid state drive
(SSD) components for mcreased performance and storage
capacities that neither HDD nor SSD may optimally achieve
by itself. For example, the hybnd drive may include a mag-
netic disk with a read/write head, a non-volatile memory
(NVM), such as NAND f{lash, and volatile memory, such
as static random access memory (SRAM) and dynamic ran-
dom access memory (DRAM). Metadata for the hybrid
drive may be stored in DRAM. However, because of the
size of the metadata, the required amount of DRAM may
be imcreased, driving increased costs and more power
consumption.

Thus, there 1s a need 1n the art for an improved storage of
metadata 1 an HDD that includes a NVM.

SUMMARY OF THE DISCLOSURE

The present disclosure generally relates to data storage
devices, such as hard disk drives (HDDs), and, more speci-
fically, efficient programming of HDD metadata to non-
volatile memory of the HDD. A data storage device mcludes
a hard disk drive coupled to a printed circuit board (PCB), a
volatile memory device coupled to the PCB, a non-volatile
memory device coupled to the PCB, and a controller
coupled to the PCB, such that the controller 1s 1 communi-
cation with the hard disk drive, the volatile memory device,
and the non-volatile memory device. The controller 1s con-
figured to 1dentily patterns and/or structures of metadata for
the hard disk drive, perform one or more of the following to
the metadata to tailor the metadata: data shaping, content
aware decoding, adaptive data trimming, and/or adaptive
metablock sizing, and write the tailored metadata to the
non-volatile memory device. The metadata 1s at least one
of repeatable run out metadata, positioning error signal
metadata, adjacent track interterence metadata, and/or emer-

gency power off metadata.
In one embodiment, a data storage device includes a hard

disk drive coupled to a printed circuit board, a volatile mem-
ory device coupled to the printed circuit board, a non-vola-
tile memory device coupled to the printed circuit board, and
a controller coupled to the printed circuit board, such that
the controller 18 1 communication with the hard disk drive,
the volatile memory device, and the non-volatile memory
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device. The controller 1s configured to identify patterns
and/or structures of metadata for the hard disk drive, per-
form one or more of the following to the metadata to tailor
the metadata: data shaping, content aware decoding, adap-
tive data trnmming, and/or adaptive metablock sizing, and
write the taillored metadata to the non-volatile memory
device. The patterns and/or structures of metadata com-
prises non-uniformly distributed data, data write speed
requirements, and data endurance requirements.

In another embodiment, a data storage device includes a
printed circuit board, one or more rotatable disks coupled to
the printed circuit board, a volatile memory device coupled
to the printed circuit board, a non-volatile memory device
coupled to the printed circuit board, and a controller coupled
to the printed circuit board, such that the controller 1s
communication with the one or more rotatable disks, the
volatile memory device, and the non-volatile memory
device. The controller 1s configured to 1dentify patterns
and/or structures of positioning error signal (PES) metadata
or adjacent track interference (ATT) metadata for a hard disk
drive, tailor the PES metadata or the AT metadata using
data shaping, and write the tailored PES metadata or ATI
metadata to single level cell (SLC) memory of the non-vola-
tile memory device.

In another embodiment, a data storage device mcludes a
printed circuit board, one or more rotatable disks coupled to
the printed circuit board, a volatile memory device coupled
to the printed circuit board, a non-volatile memory device
coupled to the printed circuit board, and a controller coupled
to the printed circuit board, such that the controller 1s
communication with the one or more rotatable disks, the
volatile memory device, and the non-volatile memory
device. The controller 1s configured to identify patterns
and/or structures of repeatable run out (RRO) metadata for
a hard disk drive, tailor the RRO metadata using content
aware decoding, and write the taillored RRO metadata to
triple level cell (TLC) memory of the non-volatile memory
means.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner 1n which the above recited features of
the present disclosure can be understood 1n detail, a more
particular description of the disclosure, brietfly summarized
above, may be had by reference to embodiments, some of
which are illustrated i the appended drawings. It 1s to be
noted, however, that the appended drawings illustrate only
typical embodiments of this disclosure and are therefore not
to be considered limiting of 1ts scope, for the disclosure may
admit to other equally effective embodimments.

FIG. 1 1s a schematic 1llustration of a magnetic media
drive including a magnetic read head, according to certain
embodiments.

FIG. 2A 1s a schematic i1llustration of a body cavity view
of an HDD, according to certain embodiments.

FIG. 2B 1s a schematic 1llustration of underbelly view of
the HDD of FIG. 2A, according to certain embodiments.

FIG. 3 1s a graph illustrating a repeatable run out (RRO)
metadata  value  distribution, according to certan
embodiments.

FIG. 4 1s a flow diagram 1llustrating a method of program-
ming metadata to non-volatile memory of an HDD, accord-
ing to certain embodiments.

To facilitate understanding, 1dentical reference numerals
have been used, where possible, to designate 1dentical ele-
ments that are common to the figures. It 1s contemplated that
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elements disclosed 1 one embodiment may be beneficially
utilized on other embodiments without specific recitation.

DETAILED DESCRIPTION

In the following, reference 1s made to embodiments of the
disclosure. However, 1t should be understood that the disclo-
sure 1s not limited to specifically described embodiments.
Instead, any combination of the following features and ele-
ments, whether related to different embodiments or not, 18
contemplated to immplement and practice the disclosure.
Furthermore, although embodiments of the disclosure may
achieve advantages over other possible solutions and/or
over the prior art, whether or not a particular advantage 1s
achieved by a given embodiment 1s not limiting of the dis-
closure. Thus, the following aspects, features, embodiments,
and advantages are merely illustrative and are not consid-
ered elements or limitations of the appended claims except
where explicitly recited 1n a claim(s). Likewise, reference to
“the disclosure” shall not be construed as a generalization of
any 1nventive subject matter disclosed herem and shall not
be considered to be an element or limitation of the appended
claims except where explicitly recited 1 a claim(s).

The present disclosure generally relates to data storage
devices, such as hard disk drives (HDDs), and, more speci-
fically, efficient programming of HDD metadata to non-
volatile memory of the HDD. A data storage device mcludes
a hard disk drive coupled to a printed circuit board (PCB), a
volatile memory device coupled to the PCB, a non-volatile
memory device coupled to the PCB, and a controller
coupled to the PCB, such that the controller 1s 1 communi-
cation with the hard disk drive, the volatile memory device,
and the non-volatile memory device. The controller 1s con-
figured to 1dentity patterns and/or structures of metadata for
the hard disk drive, perform one or more of the following to
the metadata to tailor the metadata: data shaping, content
aware decoding, adaptive data trimming, and/or adaptive
metablock sizing, and write the taillored metadata to the
non-volatile memory device. The metadata 1s at least one
ol repeatable run out metadata, positioning error signal
metadata, adjacent track mterference metadata, and/or emer-
gency power off metadata.

FIG. 1 1s a schematic illustration of a magnetic media
drive 100 including a magnetic write head and a magnetic
read head, according to certain embodiments. The magnetic
media drive 100 may be a single drive/device or comprise
multiple drives/devices. The magnetic media drive 100
includes a magnetic recording medmuum, such as one or
more rotatable magnetic disk 112 supported on a spindle
114 and rotated by a drive motor 118. For the ease of 1llus-
tration, a smgle disk drive 1s shown according to one embo-
diment. The magnetic recording on each magnetic disk 112
1s 1n the form of any suitable patterns of data tracks, such as
annular patterns of concentric data tracks (not shown) on the

magnetic disk 112.
At least one shider 113 1s positioned near the magnetic

disk 112. Each shider 113 supports a head assembly 121
including one or more read/write heads, such as a write
head and a read head comprising a TMR device. As the
magnetic disk 112 rotates, the slider 113 moves radially in
and out over the disk surface 122 so that the head assembly
121 may access different tracks of the magnetic disk 112
where desired data are written or read. Each shider 113 1s
attached to an actuator arm 119 by way of a suspension
115. The suspension 115 provides a shight spring force

which biases the slider 113 toward the disk surface 122.
Each actuator arm 119 1s attached to an actuator 127. The
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actuator 127 as shown 1n FIG. 1 may be a voice coil motor
(VCM). The VCM 1ncludes a coil movable within a fixed
magnetic field, the direction and speed of the coi1l move-
ments being controlled by the motor current signals supphed
by control unit 129.

During operation of the magnetic media drive 100, the
rotation of the magnetic disk 112 generates an air or gas
bearing between the slider 113 and the disk surface 122
which exerts an upward force or lift on the slider 113. The
air or gas bearing thus counter-balances the slight spring
force of suspension 115 and supports slider 113 off and
slightly above the disk surface 122 by a small, substantially

constant spacing during normal operation.
The various components of the magnetic media drive 100

are controlled 1n operation by control signals generated by
control unit 129, such as access control signals and mternal
clock signals. Typically, the control unit 129 comprises
logic control circuits, storage means and a miCroprocessor.
The control unit 129 generates control signals to control var-
10us system operations such as drive motor control signals
on line 123 and head position and seek control signals on
line 128. The control signals on line 128 provide the desired
current profiles to optimally move and position slider 113 to
the desired data track on disk 112. Write and read signals are
communicated to and from the head assembly 121 by way of
recording channel 125. Certain embodiments of a magnetic
media drive of FIG. 1 may further mclude a plurality of
media, or disks, a plurality of actuators, and/or a plurality
number of shders.

FIG. 2A 1s a schematic i1llustration of a body cavity view
of an HDD 202, according to certain embodiments. FIG. 2B
1s a schematic illustration of underbelly view of the HDD
202 of FIG. 2A, according to certamn embodiments. FIGS.
2A and 2B are described collectively heremn, for simplifica-
tion purposes. The HDD 202 may imclude the magnetic
media drive 100 of FIG. 1 or include similar components
to the magnetic media drive 100. In some examples, the
HDD 202 may include additional components not shown
in FIGS. 2A and 2B for the sake of clarity. In some exam-
ples, the physical dimensions and connector configurations
of the HDD 202 may contorm to on¢ or more standard form
factors. Some example standard form factors include, but
are not limited to, 3.5”data storage device, 2.5” data storage
device, 1.8” data storage device, peripheral component
interconnect (PCI), PCl-extended (PCI-X), PCI Express
(PCle) (e.g., PCle x1, x4, x8, x16, PCle Mim Card, Mini-
PCI, etc.). In some examples, the HDD 202 may be directly
coupled (¢.g., directly soldered or plugged 1nto a connector)
to a motherboard of a host device.

The HDD 202 includes an actuator arm 204 coupled to a
read/write head 206, a plurality of rotatable disks 208, a
spindle 210, a VCM 212, a printed circuit board (PCB)
cable 214, a bottom case 2352, and a PCB 254 mounted to
the bottom case 252. The actuator arm 204 may be a series
of actuator arms, each having a read/write head configured
to mteract with a specific rotatable disk of the plurality of
rotatable disks 208. The plurality of rotatable disks 208 may
be the magnetic disk 112 of FIG. 1. The read/write head 206
1s configured to program data to and read data trom the plur-
ality of rotatable disks 208, where the plurality of rotatable
disks rotates about the spindle 210. The VCM 212 includes
a coill movable within a fixed magnetic field, where the
direction and speed of the coill movements are controlled
by a VCM control unit, such as the control unit 129 of
FIG. 1. The PCB cable 214 1s a connection between the
components of a hard drive assembly, including, but not lim-
ited to, the read/write head 206, the plurality of rotatable
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disks 208, and the PCB 254, such that data may be trans-
ferred between the plurality of rotatable disks 208 and the
PCB 254.

The PCB 254 1ncludes a controller 256, a PCB cable con-
nection 238, a non-volatile memory (NVM) 262, a volatile
memory 260, and a connector 264. In some examples, the
PCB 254 may include additional components not shown 1n
FIG. 2B for the sake of clanty, such as electrically conduc-
tive traces that electrically mterconnect components of the
PCB 254 to the other components of the HDD 202. The PCB
cable connection 238 1s coupled to the PCB cable 214, such
that data may be transferred between the PCB 254 and the
plurality of the rotatable disks 208. The PCB cable connec-
tion 258 1s coupled to the controller 256.

10

The controller 256 may manage one or more operations of 12

the HDD 202. For instance, controller 256 may manage the
reading of data from and/or the writing of data to the NVM
262 and the plurality of rotatable disks 208. In some embo-
diments, when the HDD 202 recerves a write command
from the host device, the controller 256 may mitiate a data
storage command to store data to the NVM 262 or the plur-
ality of rotatable disks 208 and monitor the progress of the
data storage command. The controller 256 includes an error
correction engine 266, where the error correction engine 266
1s configured to generate error correction code as well as
execute data shaping for data and metadata.

The connector 264 may be an mterface for a connection
between a host device and the HDD 202. The connector 264
may 1nclude one or both of a data bus for exchanging data
with the host device and a control bus for exchanging com-
mands with the host device. Connector 264 may operate 1n
accordance with any suitable protocol. For example, the
connector 264 may operate m accordance with one or
more of the following protocols: advanced technology
attachment (ATA) (e.g., senial-ATA (SATA) and parallel-
ATA (PATA)), Fibre Channel Protocol (FCP), small compu-
ter system iterface (SCSI), serially attached SCSI (SAS),
PCI, and PCle, non-volatile memory express (NVMe),
OpenCAPI, GenZ, Cache Coherent Interface Accelerator
(CCIX), Open Channel SSD (OCSSD), or the like. Connec-
tor 264 (¢.g., the data bus, the control bus, or both) 1s elec-
trically connected to the controller 256, providing an elec-
trical connection between the host device and the controller
256, allowing data to be exchanged between the host device
and the controller 256. In some examples, the electrical con-
nection of connector 264 may also permit the HDD 202 to
recerve power from the host device.

The NVM 262 may include a plurality of memory devices
or memory units. NVM 262 may be configured to store and/
or retrieve data. For mstance, a memory unit of NVM 262
may receive data and a message trom controller 108 that
instructs the memory unit to store the data. Similarly, the
memory unit may receive a message from controller 256
that 1nstructs the memory unit to retrieve data. In some
examples, each of the memory units may be referred to as
a die. In some examples, the NVM 262 may include a plur-
ality of dies (1.e., a plurality of memory units). In some
examples, each memory unit may be configured to store
relatively large amounts of data (e.g., 128 MB, 256 MB,
512 MB, 1 GB, 2 GB, 4 GB, 8 GB, 16 GB, 32 GB,
64 GB, 128 GB, 256 GB, 512 GB, 1 TB, ¢tc.).

In some examples, each memory unit may include any
type of non-volatile memory devices, such as flash memory
devices, phase-change memory (PCM) devices, resistive
random-access memory (ReRAM) devices, magnetoresis-
tive random-access memory (MRAM) devices, ferroelectric
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6

random-access memory (F-RAM), holographic memory

devices, and any other type of non-volatile memory devices.
The NVM 262 may comprise a plurality of tlash memory

devices or memory units. NVM flash memory devices may
include NAND or NOR-based flash memory devices and
may store data based on a charge contained 1n a floating
pate of a transistor for each flash memory cell. In NVM
flash memory devices, the flash memory device may be
divided mto a plurality of dies, where each die of the plur-
ality of dies includes a plurality of physical or logical
blocks, which may be further divided mto a plurality of
pages. Each block of the plurality of blocks within a parti-
cular memory device may nclude a plurality of NVM cells.
Rows of NVM cells may be electrically connected using a
word line to define a page of a plurality of pages. Respective
cells 1 each of the plurality of pages may be electrically
connected to respective bat lines. Furthermore, NVM {flash
memory devices may be 2D or 3D devices and may be sim-
ole level cell (SLC), multi-level cell (MLC), triple level cell
(TLC), or quad level cell (QLC). The controller 108 may
write data to and read data from NVM flash memory devices
at the page level and erase data from NVM {flash memory
devices at the block level.

The volatile memory 260 may be used by controller 256
to store information. Volatile memory 260 may include one
or more volatile memory devices. In some examples, con-
troller 256 may use volatile memory 260 as a cache. For
instance, controller 256 may store cached information in
volatile memory 260 until the cached mformation 1s written
to the NVM 262. Examples of volatile memory 260 include,
but are not limited to, random-access memory (RAM),
dynamic random access memory (DRAM), static RAM
(SRAM), and synchronous dynamic RAM (SDRAM (e.g.,
DDRI1, DDR2, DDR3, DDR3L, LPDDR3, DDR4,

LLPDDRA4, and the like)).
Metadata may be stored 1n either the NVM 262, the vola-

tile memory 260, one or more of the plurality of rotatable
disks 208, or a combination of the previously listed storage
clements. Metadata may be classified based on a data type
and/or a data characteristic such as non-uniformly distribu-
ted data, write speed requirements, and endurance require-
ments. Non-uniformly distributed data may be mampulated
using data shaping and content aware decoding. For exam-
ple, centralized data 1s a type of non-uniformly distributed
data. Write speed requirements may include determiming
which trim and/or partition of a SLC memory, MLC mem-
ory, TLC memory, QLC memory, and the like to program
data to due to a programming speed associated with the data
being programmed. For example, repeatable run out (RRO)
metadata, positioning error signal (PES) metadata, adjacent
track interference (AT1) metadata, and emergency power off
(EPO) metadata may be types of data that have write speed
requirements. Endurance requirements may differ between
metadata types. For example, RRO metadata may not need
high endurance memory because RRO metadata 1s written
only once and therefore can be written to TLC memory. In
another example, PES mectadata and ATl metadata may
require high endurance memory.

It 1s to be understood that other types of metadata not
described may be applicable to the embodiments described
herein. For example, metadata that has shifts, where those
shifts are centralized around one or more values, are con-
templated. RRO metadata 1s measured and logged during
production of the memory device, such as during maitial test-
ing of the plurality of rotatable disks 208, the NVM 262, and
the volatile memory 260. In some examples, the RRO meta-
data 1s measured once and logged once. The PES metadata




US 11,694,721 B2

7

1s measured and logged continuously during every sector
write of the plurality of rotatable disks 208. The ATT meta-
data mcludes mnformation counting adjacent track writes
during HDD 202 operation. The EPO metadata 1s flushed
during an ungracetul shutdown event to allow for fast recov- 5

ery when power 1s recovered.
Typically, metadata 1s stored 1n the volatile memory 260,

such as n DRAM. However, because stored metadata may
be aggregated to large sizes, metadata may instead be stored
in the NVM 262. The NVM 262 may have a larger capacity 10
than the volatile memory 260 and include different memory
partitions, such as SLC memory, MLC memory, TLC mem-
ory, QLC memory, PLC memory, and the like, for storage of
different metadata types. For example, because RRO meta-
data 1s generated once and logged once, the RRO metadata 15
may be programmed to TLC memory. Likewise, PES meta-
data, ATT metadata, and EPO metadata may be programmed
to SLC memory due to endurance and speed concerns. PES
metadata and ATT metadata may be stored m a first SLC
memory trim and EPO metadata may be stored 1n a second 20
SLC memory trim. The SLC memory trim may refer to a
speed and endurance of the SLC memory. For example,
the second SLC memory trim may be operationally faster
than the first SLC memory trim. However, the first SLC
memory trim may have a greater endurance than the first 23

SLC memory trim.
Additionally, the metadata types may be stored 1 meta-

blocks of various sizes of the relevant memory of the NVM
262. For example, EPO metadata may utilize a large meta-
block and the EPO metadata may be programmed to the 30
large metablock utilizing a dual plane write. In another
example, PES metadata and ATI metadata may utilize a
smaller metablock than the large metablock described
above, where the smaller metablock may be based 1n a sin-
gle plane. 35
Furthermore, one or more types of tailormg may be
employed or executed by the controller 256, or in other
examples, by an iterative content aware decoder, to the
metadata prior to pro granmﬂng the metadata to the NVM
262. The one or more types, in a non-limiting example, 4Y
includes at least data shaping and content aware decoding.
Data shaping leverages low data entropy to shape metadata
(or 1n other examples, data) in a way that may induce less
wear on each program/erase cycle. For example, data shap-
ing may include converting the metadata, such that the bit 4°
distribution of the metadata includes a greater number (e.g.,
probability) of 1 bits than 0 bits when programmed to the
NVM 262. In one example, the mput sequence has a first
number of 1 bits and a second number of 0 bits and the out-
put sequence has a second number of 1 bits and a second
number of O bits. The first number of 1 bits 1s less than the
first number of 0 bits and the second number of 1 bats 1s
oreater than the second number of 0 bits. The mput sequence
and the output sequence are the same size. Data shaping
may decrease the amount of programmed SLC memory
cells, 1n one example, by a factor of about 4. Furthermore,
data shapmg may be executed transparently without firm-
ware 1nvolvement since data shaping maps 4 KB of origial
data to 4 KB of shaped data. Thus, there 1s not a need to
manage a logical to vanable physical size mapping.
Content aware decoding leverages low data entropy and
data characteristics for increased error correction code
(ECC) correction capability. Although ECC data 1s exempli-
fied, other data reliability data may be applicable, such as
exclusive OR (XOR) parity data, and the like. The controller
256 may analyze the metadata and predict one or more char-
acteristics about the metadata. The metadata may have at
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least one of sparse regions with zero padding, regions with
counter behavior, regions with byte repetitions, and regions
with random data with non-uniform distribution.

Zero padding retfers to sections that are completely filled
with zeroes for padding, which may be indicated to a deco-
der so that error correction capability may be improved due
to knowing that there 1s a larger probability of zero bits than
one bits. Counter behavior may refer to sections that are
filled with counter data. For example, each two bytes are
increased by 1 when compared to the previous byte or cou-
ple of bytes (e.g., 0x00, 0x01, 0x02, 0x03, 0x04, etc.). For
counter data, a decoder of the controller 256, such as the
content aware decoder or the 1terative content aware deco-
der, may utilize the fact that many of the bits are changed
slowly. For example, i the byte pattern including 0x00,
0x01, 0x02, 0x03, and 0x04, the most significant byte 1n
cach couple of bytes remains 0 for a long period. In this
example, the content aware decoder may increase the prob-
ability to decode a 0 bat for the most significant byte 1n each
couple of bytes.

Byte repetitions may refer to sections where repetitions
such as constant byte values are repeated periodically or
several number of bytes are repeated once 1n a while. The
content aware decoder can track those highly repeated bytes
and increase the probability that such byte values will be
decoded. Random data with non-uniform distributions
refers to random data that has one or more byte values that
are more common than other byte values. The content aware
decoder may utilize the understanding that one or more byte
values are more common than other byte values to improve
decoding capabailities.

By determining the one or more characteristics of the
metadata, a decoder, such as the error correction engine
266 (or a decoder separate of the controller 256), may be
predict one or more combinations of bits before receiving
the relevant metadata, such as RRO metadata. The predic-
tion of the one or more combinations of bits may be utilized
by the error correction engine 266 to mmprove decoding
latency and decoding accuracy.

Furthermore, the controller 256 may utilize or execute
content aware decoding 1n conjunction or combined with
data shaping. In a case where the metadata has low entropy,
the metadata may be shaped so that the metadata mcludes a
greater number of 1 bits than 0 bits. Furthermore, an estima-
tion of the number of 1 bits may be provided to the decoder,
such that the correction capability and the decoding latency
may be mmproved. The log likelihood ratio (LLR) for each
bit may be adjusted using the following formula:

Pribit, =0/y} J

LLR =1
'E Gg{Pr{bfg =1/}

log, {Pr{y/bftg =0} - Pr{bit =0} J log, {Pr{y/bftz = 0} J

y/bit, =1} - Pribit, =1} Pr{y/bit, =1}

bit, 0}}lﬂgz{Pr{3.2/3.’:}:’1‘_E O}JJrlmgz[l p}

Pr{y/bit, =1}

where y mdicates a recerved bat array, Pr{y/bit; = 0} 1s a
probability that y 1s received when the original value of
the 1-th bat of the codeword 1s O, and p 1s a probability that
a bit 1in the codeword or metadata has a bit value of 1. For
example, p may be estimated by counting the number of
1 bits 1 the representation of the codeword or metadata. In
Priy /bit, = 0}
Priy/bit, =1}
from a LLR table stored 1mn a relevant memory device of

the final equation, lﬂg{ J may be determined
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the HDD 202. Furthermore, lﬂgz[l ;p ] 1S a correction term

determined by the probability of 1 bits i the codeword or
metadata.

In one example, PES metadata may be tailored by per-
torming data shaping, adaptive data trimming, or adaptive
metablock sizing. In another example, EPO metadata may
be tailored by performing adaptive data trimming or adap-
tive metablock sizing. In yet another example, RRO meta-
data may be tailored by performing data shaping or content
aware decoding.

In one example, tailloring PES metadata or ATI metadata
includes performing at least two of data shaping, adaptive
data trimming, and/or adaptive metablock sizing. In another
example, talloring EPO metadata includes performing adap-
tive data tmmming and adaptive metablock sizing. In yet
another embodiment, tailloring RRO metadata icludes per-
forming data shaping and content aware decoding.

FIG. 3 1s a graph 300 illustrating a repeatable run out
(RRO) metadata value distribution, according to certain
embodiments. The RRO metadata value distribution 1s
dominated by zero and near-zero values. The skewed distri-
butions towards the zero and near-zero values allows tor
effective compression techniques, such as data shaping and
content aware decoding, to be utilized on the RRO metadata.
RRO data includes correction values (or shitts) tor aligning
the head position of a head assembly, such as the head
assembly 121 of FIG. 1, to the actual track center. Thus,
when creating a histogram of the RRO values, a distribution
around zero with zero and near-zero values 1s generated.
The X-axis of the graph 300 corresponds to the correction
values and the Y-axis of the graph 300 corresponds to the

population (as 1n histogram) for each one of the values.
FIG. 4 1s a flow diagram 1illustrating a method 400 of pro-

oramming metadata to non-volatile memory, such as the
NVM 262 of FIG. 2B, of an HDD, such as the HDD 202
of FIGS. 2A and 2B, according to certamm embodiments.
Aspects of FIGS. 2A and 2B may be referenced m the
description herem for exemplary purposes. For example,
method 400 may be employed or executed by the controller
256.

At block 402, the controller 256 receives a write com-
mand from a host device to write data to the HDD 202.
Based on the write command, the write command data
may be programmed to either the NVM 262 or one or
more of the plurality of rotatable disks 208. At block 404,
the controller 256 generates metadata for the write com-
mand data. The metadata may either be RRO metadata,
PES metadata, ATT metadata, EPO metadata, or a combina-
tion of the previously lhisted metadata. At block 406, the
controller 256 1dentifies the metadata type.

At block 408, the controller 256 applies a data manipula-
tion and/or a coding scheme to the 1dentified metadata type.
The data manipulation and/or coding scheme may be exe-
cuted by the error correction engine 266. For example, PES
metadata and ATT metadata may be tailored by performing
data shapmg to the metadata. In another example, RRO
metadata may be tailored by performing data shaping, con-
tent aware decoding, or both data shaping and content aware
decoding.

At block 410, the controller 256 programs the modified
metadata to the relevant memory location of the NVM
262. For example, the controller 256 may program the
PES metadata and the ATI metadata to a first SLC memory
trim and the EPO metadata to a second SLC memory trim,
where the first SLC memory trim has a greater endurance,
but a lower speed than the second SLC memory trim. The
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PES metadata and the ATI metadata may be programmed 1n
a metablock located on a smgle plane, whereas the EPO
metadata may be programmed to a larger metablock, when
compared to the metablock associated with the PES meta-
data and the ATT metadata, using a dual plane write. Like-
wise, the controller 256 may program the RRO metadata to
the TLC memory.

By identifying, tailoring, and programming the different
types of metadata, the HDD mncluding NVM may have more
efficient programming, reduced NVM cost, reduced volatile
memory cost, mmproved lifetime, and reduced power
consumption.

In one embodiment, a data storage device mcludes a hard
disk drive coupled to a printed circuit board, a volatile mem-
ory device coupled to the printed circuit board, a non-vola-
tile memory device coupled to the printed circuit board, and
a controller coupled to the printed circuit board, such that
the controller 1s 1n communication with the hard disk drive,
the volatile memory device, and the non-volatile memory
device. The controller 1s configured to identify patterns
and/or structures of metadata for the hard disk drive, per-
form one or more of the following to the metadata to tailor
the metadata: data shaping, content aware decoding, adap-
tive data tnmming, and/or adaptive metablock sizing, and
write the taillored metadata to the non-volatile memory
device. The patterns and/or structures of metadata com-
prises non-uniformly distributed data, data write speed
requirements, and data endurance requirements.

The metadata 1s at least one of repeatable run out (RRO)
metadata, positioning error signal (PES) metadata, adjacent
track imterference (ATI) metadata, emergency power off
(EPO) metadata, and/or metadata centered around one or
more values. The non-volatile memory device comprise sin-
ole level cells (SLC) or triple level cells (TLC). The SLC
comprises a first SLC trim and a second SLC trim. The EPO
metadata 1s stored 1n the first SLC trim. The PES metadata
and the ATT metadata are stored 1n the second SLC trim. The
RRO metadata 1s stored in TLC. The tailoring includes tai-
loring EPO metadata using a first single level cell (SLC)
trim that has a first speed. The tailoring mcludes tailoring
PES metadata or ATI metadata using a second SLC trim
that has a second speed slower than the first speed. The sec-
ond SLC trim has a higher endurance than the first SLC trim.
The writing the taillored EPO metadata includes writing to a
dual plane. The writing the tailored PES metadata or ATI
metadata includes writing to a single plane. The tailoring
includes performing at least two of data shapimg, adaptive
data trimming, and/or adaptive metablock sizing to the PES
metadata or the ATT metadata. The tailoring mcludes per-
forming adaptive data trimming and adaptive metablock si1z-
ing to the EPO metadata. The tailloring includes performing
data shaping and content aware decoding to the RRO
metadata.

In another embodiment, a data storage device mcludes a
printed circuit board, one or more rotatable disks coupled to
the printed circuit board, a volatile memory device coupled
to the printed circuit board, a non-volatile memory device
coupled to the printed circuit board, and a controller coupled
to the printed circuit board, such that the controller 1s
communication with the one or more rotatable disks, the
volatile memory device, and the non-volatile memory
device. The controller 1s configured to 1dentify patterns
and/or structures of positioning error signal (PES) metadata
or adjacent track mterference (ATI) metadata for a hard disk
drive, tailor the PES metadata or the ATI metadata using
data shaping, and write the tailored PES metadata or ATI
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metadata to single level cell (SLC) memory of the non-vola-
tile memory device.

The controller mncludes an error correction engine, and
wherein the error correction engine 1s configured to execute
the data shaping. The tailoring includes converting an mput
sequence having a number of programmed bits greater than
a number of erased bits to an output sequence having a sec-
ond number of programmed bits less than a second number
of erased bit. The mput sequence and the output sequence
are equal 1n data size.

In another embodiment, a data storage device includes a
printed circuit board, one or more rotatable disks coupled to
the printed circuit board, a volatile memory device coupled
to the printed circuit board, a non-volatile memory device
coupled to the printed circuit board, and a controller coupled
to the printed circuit board, such that the controller 1s
communication with the one or more rotatable disks, the
volatile memory device, and the non-volatile memory
device. The controller 1s configured to identily patterns
and/or structures of repeatable run out (RRO) metadata for
a hard disk drive, taillor the RRO metadata using content
aware decoding, and wrte the tallored RRO metadata to
triple level cell (TLC) memory of the non-volatile memory
means.

The 1dentified patterns and/or structures comprises at least
one of sparse regions with zero padding, regions with coun-
ter behavior, regions with byte repetitions, and regions with
random data with non-uniform distribution. The controller
includes a decoder. The decoder 1s configured to receive the
1dentified patterns and/or structures and predict one or more
combinations of bits based on the received identified pat-

terns and/or structures before decoding the RRO metadata.
While the foregoing 1s directed to embodiments of the

present disclosure, other and further embodiments of the
disclosure may be devised without departing from the
basic scope thereol, and the scope thereof 1s determined by
the claims that follow.

What 1s claimed 1s:

1. A data storage device, comprising:

a hard disk drive coupled to a printed circuit board;

a volatile memory device coupled to the printed circuit
board;

anon-volatile memory device coupled to the printed circuit
board:;

acontroller coupledto the printed circuit board, wherein the
controller 1s 1n communication with the hard disk drive,
the volatile memory device, and the non-volatile mem-

ory device, wherein the controller 1s configured to:
identify patterns and/or structures of metadata for the

hard disk drive, wherein the patterns and/or structures
of metadata comprises non-uniformly distributed
data, data write speed requirements, and data endur-
ance requirements;

pertorm one or more of the following to the metadata to
taillor the metadata: data shaping, content aware
decoding, adaptive data trimming, and/or adaptive
metablock s1zing; and

write the tallored metadata to the non-volatile memory

device.
2. The data storage device of claim 1, wherein the metadata

1s at least one of repeatable run out (RRO) metadata, position-
ing error signal (PES) metadata, adjacent track mterference
(AT]) metadata, emergency power off (EPO) metadata, and/

or metadata centered around one or more values.
3. The data storage device of claim 2, wherein the non-vola-
tile memory device comprises smgle level cells (SLC) or
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triple level cells (TLC), and wherein the SLC comprises a
first SL.C trim and a second SLC trim.

4. The data storage device of claim 3, wherein the EPO
metadata 1s stored 1 the first SLC trim.

5. The data storage device of claim 4, wherein the PES
metadata and the ATT metadata are stored 1n the second SLC
trim.

6. The data storage device of claim 2, wheremn the RRO
metadata 1s stored in TLC.

7. The data storage device of claim 2, wherein the tailoring
comprises talloring EPO metadata using a first single level
cell (SLC) trim that has a first speed.

8. The data storage device of claim 7, wherein the tailoring
comprises tailloring PES metadata or ATI metadata using a
second SLC trim that has a second speed slower than the
first speed.

9. The data storage device of claim 8, wherein the second
SLC trim has a higher endurance than the first SLC trim.

10. The data storage device of claim 2, wherem writing the
tallored EPO metadata comprises writing to a dual plane.

11. The data storage device of claim 2, wherein writing the
tallored PES metadata or ATI metadata comprises writing to a
single plane.

12. The data storage device of claim 2, wherein the tailloring
comprises performing at least two of data shaping, adaptive
data trimming, and/or adaptive metablock sizing to the PES
metadata or the ATT metadata.

13. The data storage device of claim 2, wherein the tailoring
comprises performing adaptive data trimming and adaptive
metablock sizing to the EPO metadata.

14. The data storage device of claim 2, wherein the tailloring
comprises performing data shaping and content aware decod-
ing to the RRO metadata.

15. A data storage device, comprising:

a printed circuit board;

one or more rotatable disks coupled to the printed circuit

board;

a volatile memory device coupled to the printed circuit

board;

anon-volatile memory device coupled to the printed circuit

board; and
a controller coupled to the printed circuit board, such that

the controller 18 1n communication with the one or more

rotatable disks, the volatile memory device, and the non-

volatile memory device, wherein the controlleris config-

ured to:

1dentify patterns and/or structures of positioning error
signal (PES) metadata or adjacent track interference
(ATI) metadata for a hard disk drive;

tailor the PES metadata or the ATI metadata using data
shaping; and

write the tallored PES metadata or ATT metadatato single
level cell (SLC) memory of the non-volatile memory
device.

16. The data storage device of claim 15, wherem the con-
troller comprises an error correction engine, and wherein the
error correction engine 1s configured to execute the data
shaping.

17. The data storage device of claim 15, wherein the tailor-
Ing comprises converting an input sequence having a number
of programmed bits greater than a number of erased bits to an
output sequence having a second number of programmed bits
less than a second number of erased bits, and wherein the input
sequence and the output sequence are equal 1n data size.

18. A data storage device, comprising:

a printed circuit board;

one or more rotatable disks coupled to the printed circuit

board;
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a volatile memory device coupled to the printed circuit

board;
anon-volatile memory means coupled to the printed circuit
board; and
a controller coupledto the printed circuit board such that the
controller 1s 1n communication with the one or more rota-
table disks, the volatile memory device, and the non-
volatile memory means, wherein the controller 1s config-
ured to:
identify patterns and/or structures of repeatable run out
(RRO) metadata for a hard disk drive;
ta1lor the RRO metadata using content aware decoding;
and
write the tallored RRO metadatato triple level cell (TLC)
memory of the non-volatile memory means.
19. The data storage device of claim 18, wherein the 1denti-
fied patterns and/or structures comprises at least one of:
sparse regions with zero padding;
regions with counter behavior;
regions with byte repetitions; and
regions with random data with non-uniform distribution.
20. The data storage device of claim 19, wherein the con-
troller comprises adecoder, wherein the decoder1s configured

to:
recerve the identified patterns and/or structures; and
predict one or more combinations of bits based on the
received 1dentified patterns and/or structures before

decoding the RRO metadata.
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